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A well-ordered, self-organized dot-row structure appears after adsorption of S on Ag(111) at 200 K. This
dot-row motif, which exhibits fixed spacing between dots within rows, is present over a wide range of coverage.
The dots are probably Ag3S3 clusters with adsorbed S in the spaces between dots. Dynamic rearrangements
are observed. Small domains of aligned dot-rows form during adsorption and grow quickly after adsorption
ends. The domains also exhibit large equilibrium fluctuations after adsorption. The dot-row structure disappears
reversibly upon heating above 200 K and transforms reversibly to an “elongated island” structure upon cooling
below 200 K. DFT supports the assignment of the dots as Ag3S3 trimers and also lends insight into the
possible origins of other structures observed in this complex system.
1. Introduction
The interaction of chalcogens (O, S, ...) with the surfaces of
coinage metals (Ag, Au, Cu) is of strong interest for a variety
of reasons. One is the role of Ag in heterogeneous catalysis.
Ag is used in a major industrial reaction, synthesis of epoxides
from alkenes,1-4 wherein the state and properties of adsorbed
oxygen are crucial. Another is the prevalence of Au as a
substrate for self-assembled monolayers of alkanethiols. These
systems, in which the Au-S interaction plays a key role, hold
promise for a wide variety of applications, such as combinatorial
screening, organic transistors, sensors, and drug delivery.5-7 Yet
another reason is the use of Cu films in microelectronics, which
arises in part from their resistance to attack by O2 and other
oxidizing agents. The adsorption of S on metals such as Cu is
also important in electrochemistry.8
Of particular interest to us is the ability of two chalcogens,
O and S, to facilitate mass transfer on these metal surfaces, that
is, to facilitate restructuring. As early as 1967, Perdereau and
Rhead9 noted that the presence of adsorbed S increases the
surface diffusion coefficient of Ag by a factor of 104. More
than 25 years later, scanning tunneling microscopy (STM)
studies began to reveal similar effects. For instance, such studies
showed that adsorbed O can accelerate restructuring kinetics
dramatically on Ag surfaces, for example, the faceting of vicinal
Ag(110)10 and the ripening of deposited Ag islands on
Ag(100).11-13 At about the same time, researchers reported that
adsorbed alkanethiols are associated with Au mass transport14-16
and that S accelerates coarsening on Cu(111).17,18
This accelerated mass transport of the metal may affect any
or all of the applications mentioned above, particularly when
the metal is in the form of nanoparticles that are subject to
coarsening, for example, the supported metal particles used in
heterogeneous catalysis.19,20 Furthermore, the chemical similarity
between these systemssthey are all group VIA elements
adsorbed on group IB metal surfacessleads us to speculate that
a common principle or set of principles may be in operation.
In this paper, we describe a basic STM study of the structures
formed by S adsorbed on Ag(111). We find a rich variety of
phases below room temperature. This system, S/Ag(111), has
been studied previously with low-energy electron diffraction
(LEED) and with STM, but only at room temperature.21-23
These studies revealed two structures for S on Ag(111) that
develop with increasing coverage. First, a structure that was
originally identified as a (x39R16°  x39Rh16°) phase21
appears. The detailed structure of this phase has not been
resolved, even with the help of STM.23 At higher coverage, a
(x7  x7)R19° phase (abbreviated x7) develops. This phase
has been assigned as a reconstruction in which the top layer
resembles Ag2S(111).21,23
Sulfur adsorption on the (111) surfaces of the other two
coinage metals, Au and Cu, has also been studied with
STM.24-30 On Cu, a complex series of apparently static
structures evolve with coverage below room temperature. As
for the x7 on Ag(111), they were interpreted as surface re-
constructions that mimic aspects of Cu2S(111).25,26 At the same
temperature, however, other research indicated the presence of
a mobile Cu3S3 species, at least at very low coverage,17,18 and
arguments have also been made for structures based on Cu4S
tetramers.31 On Au(111), one recent set of experiments indicated
the formation of a very mobile Au-S complex at room
temperature and above.27-30 However, another study of the same
system indicated that the most important species are molecular
and polymeric Sn, at least for coverages greater than 0.4
monolayers.32 Clearly, a variety of different structural models
and mobile species have been proposed for these systems, and
many of them involve metal surface reconstructions or metal-S
clusters.
The present contribution is different because it focuses on a
temperature range that has not been investigated previously for
S/Ag(111). We find that under the conditions of our experiments
the most distinctive feature in STM is a dot-like protrusion that
tends to form linear chains, appears to be mobile, and is most
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likely Ag3S3. Furthermore, DFT provides insight into the
relationship between this structure, an Ag2S-like phase, and other
possible low-temperature phases. The result is a set of insights
that is new but complementary to previous work.
2. Details of Experiments and Calculations
The Ag(111) sample used in these studies was grown by the
Ames Laboratory Materials Preparation Center.33 The surface
was oriented perpendicular to the <111> direction within 0.25°.
The sample was polished to a mirror finish using 6, 1, and 0.25
ím diamond paste.
All experiments were carried out in a stainless-steel ultrahigh
vacuum (UHV) chamber with base pressure of 1  10-10 Torr,
equipped with an ion gun and a retarding field analyzer (RFA)
for Auger electron spectroscopy (AES). In one part of the
chamber, the sample was cleaned by repeated cycles of Ar+
sputtering (15 min, 20 mA, 1.0-1.5 kV, T ) 300 K) followed
by annealing. This was carried out until no impurities could be
detected by AES and until STM showed large terraces, on the
order of at least 100 nm in width, together with a very low
density of apparent impurities, especially pinning sites at steps.
The other part of the chamber contained an Omicron variable-
temperature STM. In addition, this part contained a solid-state
electrochemical AgjAgIjAg2SjPt cell following the design of
Wagner.34 The sample could be exposed to S2 generated by the
electrochemical cell. Only Ag and S were detected by AES on
the surface after S deposition, not iodine or oxygen.
Sulfur coverage was determined after each run using the
S(LMM)/Ag(MNN) AES intensity ratio. We adopted a calibra-
tion that was published by Schwaha, Spencer, and Lambert
(SSL) in 1979,21 derived largely from LEED but corroborated
by temperature-programmed desorption and work function
measurements. The experiments of SSL were similar to ours in
several key respects. SSL studied chemisorbed sulfur produced
by an electrochemical S2 source, and they measured S coverage
using a RFA for AES. Because of these similarities, their
calibration should be applicable. Furthermore, a very similar
proportionality between S/Ag Auger intensity and S coverage
was reported later by Rovida and Pratesi,22 for a p(2  2)
structure on Ag(100) and also for the x7 structure on Ag(111),
under similar conditions (cf. Table 1 of ref 22).
We report the S coverage, ıS, as the ratio of S atoms to Ag
atoms, also expressed as monolayers (ML). Note that some other
authors have chosen a different definition of coverage when
reporting studies of S adsorption (e.g., SSL in ref 21). With the
electrochemical doser, S flux was in the range of 0.005-0.05
ML/min.
During S adsorption and STM imaging, the sample was
usually cooled with liquid nitrogen. Sample temperature, Ts, was
measured by means of a silicon diode at the cooling stage, which
surrounded the sample holder on all sides but one. There was
a temperature offset between the cooling stage and the sample.
We took Ts ) Tdiode + A(Tdiode), where A(Tdiode) was provided
by the manufacturer (Omicron).
All STM images were acquired at the stated temperature,
which was most commonly 135, 200, or 300 K. Heating from
135 to 200 K, or from 200 to 300 K, required 25-30 min in
order to reach a stable endpoint. Cooling between these same
temperatures required 45-50 min. Unless stated otherwise, all
images were acquired at least 10 min after S2 exposure ended.
All STM images were collected using electrochemically
etched W tips.35 Typical tunneling conditions were -2.0 V and
1.0 nA. Qualitatively, the images of the dot-rows were invariant
over the range +2 to -5 V.
Density-functional theory (DFT) calculations were performed
using the VASP36-38 total energy code, with Perdew-Burke-
Ernzerhof (PBE)39 generalized gradient approximation (GGA)
and the projected augmented-wave (PAW)40 method. Results
were obtained using five-layer Ag slabs (unless otherwise noted),
fixing the lower two layers of atoms to their bulk positions.
Adsorbates were attached to one side of the slab. The lattice
constant was set to 0.417 nm, the bulk PBE value (versus the
experimental value of 0.409 nm). Methfessel-Paxton smearing41
of the occupancy function (with N ) 1 and ó ) 0.2 eV) was
used for efficiency. The energy cutoff was 280 eV for all
calculations. The vacuum spacing between slabs was 1.2 nm.
3. Experimental Results
3.1. Coverage Dependence of Structures at 200 K. Figure
1 shows a progression of STM images after deposition of
varying amounts of S at 200 K. The surface in Figure 1a is
clean. Atomically resolved images at higher magnification allow
unambiguous assignment of the crystallographic directions in
the surface plane, as shown in the inset. The surface shown in
Figure 1b has ıS ) 0.007. There is no detectable difference
between the surfaces in Figure 1a and b. As S coverage increases
to ıS ) 0.02 (Figure 1c), the steps facet; that is, they break up
into linear segments. The faceted steps are decorated with dots,
as shown in the high-magnification inset. Further increasing ıS
causes dots to appear on the Ag(111) terraces as well, as seen
in Figure 1d at ıS ) 0.1. The dots are arranged in linear rows,
which we call a “dot-row” motif. The rows form domains
separated by angles of 60° or 120°. The dot-rows lie parallel to
the close-packed Ag rows in the substrate, which are the 〈110〉-
type directions. Figure 1e shows a surface with ıS ) 0.4. At
this high coverage, the dot-rows are much denser and they
coexist with irregularly shaped pits. Also, a few small worm-
like protrusions exist.
Figure 2 allows closer examination of the coverage regime
wherein the dot-row structure builds and pits eventually appear.
When ıS ) 0.03 (Figure 2a and a′), the density of dot-rows on
the terraces is low. The rows orient mainly in one direction
over large length scales (ca. 100 nm in Figure 2a). In Figure
2a, there are three domains of parallel rows. Within each
domain, the inter-row separation is 1.5-2.7 nm. It is apparent
that the rows cluster together due to (net) attractive interactions,
drawing the rows to within distances below 3 nm. In addition
to the dot-rows, the terraces contain some disordered material.
When ıS increases to 0.14 (Figure 2b and b′), the range of inter-
row separations broadens to 1.3-5 nm. Separations toward the
upper end of this range may simply be considered as gaps
between adjacent domains. When ıS increases further to ıS )
0.3 (Figure 2c and c′) pits are visible, and they are static over
observation periods of at least several hours at 200 K. The range
of row separations here is 1.1-3.4, with a peak in the
distribution at about 1.6 nm. Finally, at ıS g 0.4, the dots form
a hexagonal honeycomb array, as in Figure 1e. In the honey-
comb, the dots are all separated by 1.6 nm, the same as their
intra-row separation at lower coverage.
Although the inter-row separation changes with coverage, the
separation between dots in a given row is constant at 1.6 ( 0.1
nm (range ) 1.42 to 1.77 nm, n > 100). This is between 5 and
6 times the lattice constant of the Ag(111) unit cell. The diameter
of individual dots, based on their full width at half-maximum,
is 0.70 ( 0.06 nm. At a bias voltage of -2 V and at ıS ) 0.03,
the dots are only 0.13 ( 0.01 nm higher than surrounding
regions that must be mainly clean Ag(111), that is, large terrace
areas devoid of dot-rows.
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In Section 4, we will argue that the dots are Ag3S3 clusters.
However, they can account for only a fraction of the adsorbed
S. For instance, from the STM images at ıS ) 0.1, the dot
density is 0.10-0.15 nm-2. Assuming three S atoms per dot,
this corresponds to 0.02-0.03 ML, that is, 20-30% of the total
S. The majority of S must be in the interstices between dots.
Evidence for this interstitial S can be seen in the different heights
of the areas between rows in Figure 1d, particularly at the shorter
row separations. In some cases, substructures between the dot-
rows can be imaged. Figure 3a shows two different dot-row
orientations on a single terrace. The substructure is shown for
each orientation in Figure 3b and c. It consists of smaller bumps
that define the corners of rhombi with dimensions, shapes, and
orientations that are characteristic of a (x3  x3)R30° lattice
(abbreviated x3 henceforth).
The x3 structure is observed in the range 0.05 e ıS e 0.3,
and between rows separated by 2.3 to 3.4 nm. If the dot-row
separation is larger than 3.4 nm, then there is evidence of
adsorbed material, but in a disordered and probably mobile state
(as will be discussed further in Section 3.2). If the dot-row
separation is smaller than 2.3 nm, then different ordered
structures exist between the rows that cannot be assigned at
present. The two arrows in Figure 3a point to one such
unassigned structure. Another appears between dots in the
honeycomb array at ıS g 0.4 (Figure 3d). The main features of
the latter substructure are dark depressions, one of which is
accentuated by the arrow in Figure 3d.
To summarize this section, the dot-row is a robust structural
motif at 200 K. It first forms at step edges, at a coverage as
low as 0.02 ML, and emerges on terraces shortly thereafter at
0.03 ML. The separation between dots within a row is fixed at
1.6 ( 0.1 nm, but the separation between rows is variable. When
rows are farther than 3.4 nm apart, the intervening substrate
contains some material in a disordered and probably mobile
state. When rows are separated by 3.4 nm and less, the substrate
is typically covered by ordered substructures, one of which can
be identified as a (x3  x3)R30° lattice. The rows become so
compressed at ıS ) 0.4 that the dot-rows form a honeycomb
lattice. Static pits develop on the terraces at ıS > 0.2, showing
that Ag is consumed in the adsorbate lattice. (Ag is probably
consumed at lower ıS as well, but preferentially from step
edges.) These observations and interpretations of S-induced
pitting are reminiscent of ones reported for Au(111) at 300 K
and above29,30 and also of ones reported for Ag(111) at 300
K.23 However, nothing analogous to the dot-row structure was
found in those studies.
Figure 1. STM images of Ag(111) after S adsorption at 200 K, showing the major effects of S adsorption. (a) Clean surface, 60  60 nm2. Inset
is 1.5  1.5 nm2. (b) ıS ) 0.007, 60  60 nm2. (c) ıS ) 0.02, 40  40 nm2. Inset is 8  8 nm2 and shows dots decorating a step edge. (d) ıS )
0.1, 60  60 nm2. (e) ıS ) 0.4, 50  50 nm2.
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3.2. Temperature Dependence of S Structures: 135, 200,
and 300 K. Figure 4 illustrates the temperature dependence of
the S structures on Ag(111) at ıS ) 0.09. After deposition at
135 K, irregularly shaped islands exist both on the terrace and
at the step edge, as seen in Figure 4a. After the surface is heated
to 200 K, Figure 4b shows that the dot-row structure emerges,
appearing similar to Figures 1d and 2b and b′.
When the same surface is cooled back to 135 K, as shown in
Figure 4c, the dot-rows disappear, but the original irregular
islands are not restored. Instead, compact elongated islands form.
The long axes of these islands parallel the three orientations of
the dot-rows. The features of Figure 4b and c can be reproduced
by cycling between 135 and 200 K at this coverage. This
reversibility indicates that the dot-row and elongated-island
structures are equilibrium phases.
Figure 4d shows the surface with ıS ) 0.09 after heating
from 200 to 300 K. Here, the surface is similar to clean
Ag(111): steps are smooth, rather than faceted, and no dot-
row structure can be imaged. When the surface is cooled back
to 200 K, as in Figure 4e, the dot-row structure returns
reversibly.
The schematic of Figure 5 summarizes our observations in
the form of a partial phase diagram. This representation excludes
the irregular islands of Figure 4a because they are not an
equilibrated structure. Figure 5 suggests a range of temperature
at which the dot-row structure disappears, as a function of ıS,
at least through 0.09 ML. For instance, the dot-row phase
disappears below 200 K for ıS < 0.03 and above 200 K for
higher ıS.
3.3. Evolution and Fluctuations in Structure During and
After Adsorption. The surface structures change and evolve
on the time scale of experimental observation. One illustration
is given in Figure 6a and b. Here, the surface is imaged
continuously during adsorption at 200 K, and immediately after,
on a time scale of 120 s/image. Figure 6a is an image taken
toward the end of adsorption, where the final coverage is ıS )
0.1, and Figure 6b is an image taken 10 min later. Clearly, the
dot-rows form much smaller domains during adsorption than
after adsorption stops, indicating that considerable domain
growth takes place in a period of a few minutes.
Another example is given in Figure 6c-e (ıS ) 0.09), where
a surface is imaged continuously, starting several hours after
adsorption ends, and (more importantly) after heating to 300 K
and re-cooling to 200 K. Both the temporal and thermal histories
indicate that the surface is initially at or close to an equilibrium
structure. Yet during the course of imaging, without a change
in temperature or coverage, the positions of numerous rows
change. This is particularly clear in the lower half of the images,
where a large group of rows rotate by 60° between Figure 6c
and d and then flip back again in Figure 6e. Therefore, the
surface is sampling an ensemble of configurations continuously,
which can only be true if there is a dynamic equilibrium between
a mobile S-containing species and those fixed in the observable
structures. Immediately after adsorption, the mobile species
mediates an evolution toward larger dot-row domains, and at
longer times it facilitates seemingly random fluctuations in
domain orientations.
The STM tip may play a role in assisting diffusion of the
S-containing species. It is unlikely, however, that it can be solely
responsible for the observed changes in the dot-row domains
because these changes require concerted, long-range displace-
ments. Furthermore, we observe the domains to be significantly
more stable at 175 K than at 200 K, indicating that rearrange-
ments are thermally activated, at least in part.
The streaks evident in some STM images may be related to
the above rearrangements. For instance, see Figure 1c. There,
streaks are evident but only in the largest gaps between rows.
In Figure 2a′, the streaks take a shape suggestive of partial dots,
in the largest gap between rows. Thus, the streaks may be caused
by dots diffusing rapidly on clean, or relatively clean, regions
of the Ag(111) surface.
4. DFT Results
4.1. Basic Insight into Ag-S Interactions. Using the
Monkhorst-Pack (MP) method42 with a (2  2) supercell and
(6  6  1) grids of k points, we find that the fcc site is the
most favorable adsorption site for a S adatom (at 0.25 ML).
The hcp, bridge, and top sites are 0.06, 0.19, and 1.16 eV per
S atom less favorable, respectively, consistent with DFT results
reported earlier.43 With 1 ML of S adatoms, all on fcc sites, the
adsorption energy per S is 1.1 eV less favorable than at 0.25
ML. Consequently, we can deduce that there is a n.n. repulsion
between S of about 0.37 eV (neglecting longer-range and many-
body interactions).
Using a (3  3) supercell and (4  4  1) MP k-point grid,
we find that Ag-S adatom pairs have a weak attractive
interaction of 0.05 eV. Significant relaxation occurs with both
adatoms initially occupying n.n. fcc sites but moving closer to
a bridge site, indicating that the bond between Ag and the
substrate is significantly weakened by a nearby S atom.
Figure 2. STM images of Ag(111) after S adsorption at 200 K,
showing the evolution of dot-rows and pits with increasing coverage.
In the left column (a-c), each image is 100  100 nm2, and in the
right column (a′-c′) each is 25  25 nm2. Values of ıS are (a,a′) 0.03;
(b,b′) 0.1; (c,c′) 0.3.
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Much stronger attraction between S and Ag adatoms can be
achieved when they form a larger complex. A prime candidate
for such a complex is Ag3S3, analogous to the Cu3S3 whose
existence was inferred on the basis of kinetic measurements18
and DFT calculations17 for the S/Cu(111) system. Using a (5
 5) supercell and (4  4  1) MP k-point grid, we find the
most stable structure for this stoichiometry to be that shown in
Figure 7. It is a S-decorated Ag trimer with Ag at fcc sites
forming a triangle with a surface Ag atom beneath its center.
The S atoms are located near bridge sites adjacent to the Ag
trimer on (100) microfacets. The total adsorption energy is
nearly 2 eV more favorable than that of three isolated Ag and
three isolated S adatoms. The Ag and S atoms are nearly
coplanar. The Ag nuclei in this trimer are 0.236 nm above the
Ag(111) plane, and the S nuclei are only slightly lower, 0.224
nm. A closely related structure is obtained wherein Ag forms a
triangle with a hollow site beneath the center of the triangle,
and S decorates the three bridge-sites adjacent to the Ag trimer
on (111) microfacets (corresponding to B-type steps). This
structure is 0.29 eV less favorable than the previous one. The
difference mainly reflects stronger binding of S to (100) rather
than (111) microfacets, that is, stronger binding to (pseudo)-
fourfold sites than to (pseudo)threefold sites. Stronger binding
of S at fourfold hollow-like sites has also been noted in a
proposed model for the reconstruction of the S/Cu(111)
system.17
The adsorption sites for Ag in the above discussions are all
fcc sites. However, most of the results also apply if the Ag
adsorption sites are hcp. In particular, two types of Ag3S3
clusters can also be formed by decorating Ag trimers with Ag
atoms on hcp sites. As in the case of fcc trimers, the one having
a Ag atom beneath the center of the Ag trimer and forming
(100) microfacets is more stable than the one having a hollow
site beneath the center and forming (111) microfacets.
We have calculated the adsorption energy for the above-
mentioned Ag3S3 with supercells ranging from (3  3) to (6 
6). Results are relatively insensitive to the size of the supercell.
The calculation for Ag3S3 shows that the adsorption energy with
a (3  3) supercell is about 0.06 eV weaker than that in larger
supercells, thus indicating some repulsion between the S-
decorated Ag clusters. However, we caution that comparisons
between results with different supercells are difficult, and
convergence has not yet been achieved even with a large number
of k points. Here we used up to bulk equivalent of 24  24 
24 k points. Given the experimental data indicating the presence
of sulfur in some form between dots, we have also investigated
some mixtures of Ag3S3 trimers and adsorbed S atoms, with
total ıS < 0.4. We have not found any that are as stable as the
pure cluster structures according to DFT, indicating that the S
structure between row-dots is probably more complicated than
simple motifs involving small supercells.
We have used DFT to simulate STM images of the Ag3S3
cluster via the Tersoff-Hamann method.44 The predicted image,
shown in the inset to Figure 7, is a rounded triangle, with
maximum dimension of 0.8 nm at the fwhm, and a height of
0.14 nm, assuming a tunneling gap of 0.4 nm. These calculated
Figure 3. STM images of Ag(111) after S adsorption at 200 K, showing ordered structures between some dot-rows. (a) 30  30 nm2 image at ıS
) 0.1. Arrows point to an unidentified substructure found between rows separated by 2.1-2.2 nm. (b and c) 6  6 nm2 images showing the x3
substructure. (d) 10  10 nm2 image at ıS ) 0.4. Arrow points to a depression that distinguishes this unidentified substructure.
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dimensions are in very good agreement with the measured
values, 0.70 ( 0.06 nm and 0.13 ( 0.01 nm, respectively. This
agreement lends credence to the assignment of the bright dots
as Ag3S3 clusters. The height of 0.13-0.14 nm is surprisingly
low, given that the ion cores in the cluster are 0.22-0.23 nm
higher than those in the Ag(111) surface. This makes the
agreement between calculated and measured heights especially
significant. By contrast, for pure Ag islands on Ag(111), the
height is 0.24 nm, and for a Ag3S trimer discussed below, the
simulated height is 0.30 nm.
General insight into other possible types of Ag-S clusters
on Ag(111) can be obtained by applying a simplified analysis.
First, interactions between Ag adatoms can be well described
by a n.n. pairwise attraction of about 0.2 eV. Second, compared
with adsorption at the (most favorable) fcc hollow site on a flat
Ag(111) surface, S binds more strongly to a step edge that is a
(111) microfacet (by 0.3 eV) and even more strongly to a step
edge that is a (100) microfacet (by 0.4 eV). The total energy of
many types of clusters can be deduced from these simple rules.
For example, the binding energy (defined as the energy gain
relative to isolated adatoms at their most favorable adsorption
site on a smooth (111) terrace) of Ag2S2 should be 0.9 eV and
that of the S-decorated trimer should be 1.8 eV. These values
are close to the DFT results of 0.88 and 1.93 eV, respectively.
One other type of cluster that we have considered on
Ag(111) is the planar Ag3S cluster, with a S atom in the middle
of three Ag atoms. Starting from a configuration wherein S is
at an fcc site, with three Ag at the three nearest hcp sites, no
stable planar cluster has been found with relaxation. Instead, a
stable configuration with the S atom on top of a Ag3 trimer is
found. The resultant height of the cluster is predicted to be 0.30
nm in STM, which is incompatible with the experimental result
of 0.13 nm. The binding energy of 0.86 eV is also unfavorable
because it is essentially the same as a bare Ag ad-trimer.
4.2. Ordering of Ag3S3 Clusters. Strain-induced self-
organization is a much studied and proposed mechanism for
nanoscale patterning (e.g., ref 45). Thus, it is appropriate to
investigate whether strain introduces a significant driving force
for self-organization of the row-dot structure in this system.
According to DFT calculations, substantial local strain is induced
in the Ag(111) substrate by a Ag3S3 cluster. Again, using a (5
 5) supercell, we find that the Ag atom beneath the center of
the Ag trimer is depressed by about 0.01 nm, while the six Ag
atoms surrounding it move outward by about 0.009 nm. First-
principles calculations, however, are impractical for assessing
the associated longer-range strain field, which could impact
ordering.
Instead, we study a simple system in which particles are
coupled by Lennard-Jones (LJ) potentials with parameters
chosen to reproduce the lattice constant and cohesive energy
of Ag. In order to mimic the strain introduced by the adsorbed
cluster, we change the ó parameter of the six particles
underneath the ad cluster to a slightly larger value. We find a
sixfold symmetry in the strain field about the Ag3S3 cluster and
also in the binding energy of LJ atoms or clusters. However,
for this LJ system, the energy differences are very smallson
the order of a few meVsso it is not expected that these would
impact ordering.
Another mechanism for stabilization of the dot-row structure
is through interactions between dots and additional S adatoms.
Calculations show that a primitive x3 structure of chemisorbed
S, with ıS ) 1/3, has only small energy penalty (within 30 meV)
in chemisorption energy compared with isolated S adatoms. This
could lead to arrangements such as that shown in Figure 8e, an
arrangement of four S adatoms plus a Ag3S3 complex in a (5 
5) supercell. However, this does not have a x3 lattice that is
quite as extensive as the one seen in experiment (Figure 3b
and c). We speculate that a more extended arrangement with
wider separation of rows could lead to stabilization of the dot-
rows, but at present we do not have the capability to perform
calculations on much larger supercells.
4.3. Stabilities of Possible Structures. As shown by the
present experiments and those reported in the literature, there
are a wide variety of structures observed with different tem-
Figure 4. STM images of Ag(111) at ıS ) 0.09, showing the effect
of heating and cooling to various temperatures. (a) After adsorption at
135 K, 120  120 nm2; (b) after heating to 200 K, 60  60 nm2; (c)
after cooling back to 135 K, 120  120 nm2; (d) after heating to 300
K, 120  120 nm2; and (e) after cooling back to 200 K, 60  60 nm2.
Figure 5. Temperature-coverage diagram illustrating the three main
types of structure observed with STM in this study. The triangle
represents the elongated-island phase, squares are dot-rows, and
diamonds mean no dot-row structure is observed with STM.
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perature and coverage conditions. Here we explore other possible
structures using DFT.
In order to compare relative stabilities of various Ag-S
complexes with different compositions, we calculate the chemi-
cal potential of a sulfur atom in a AgmSn complex as
where Ead(AgmSn, L) is the total energy of a system of L layers
of Ag(111) slabs with a AgmSn adsorbate complex, and E0(L)
is the energy of the clean Ag substrate. We assume that there
is an efficient exchange of Ag adatoms with a reservoir so that
íAg, the chemical potential of a Ag adatom, is constant and can
be calculated as íAg)[E0(L) - E0(L - 1)]/N, where N is the
number of atoms in each layer.
Figure 8 shows some of the structures considered, and Figure
9 shows íS versus ıS for various structures from DFT. In Figure
9, there are three main families of structures. Structures with S
adatoms occupying fcc sites of unreconstructed Ag(111) sub-
strates (denoted by pluses) have the highest íS and are therefore
the least stable. In the middle, denoted by asterisks, are Ag3S3
clusters like those shown in Figure 7, with no additional
adsorbed S atoms. The most stable type of structure involves
Ag-Ag chains. The energy differences are around 50 meV per
S atom between different families, and within each family íS
increases slightly with increasing S coverage.
The Ag-Ag chain structures deserve further comment. The
most stable chain is a single row of Ag atoms with S decorating
both sides but at alternating positions (see Figure 8c). A less-
stable variation of this is a double Ag chain, with S decorating
both sides of the islands and also residing on top of islands in
(pseudo)fourfold hollow sites (Figure 8d). These chains resemble
aspects of models proposed for S on Cu(111),24,31 where the
driving force was postulated to be the favorable adsorption of
S at fourfold hollow-like sites atop the Cu reconstruction. The
importance of the fourfold hollow site has been noted already
in Section 4.1 for the Ag3S3 clusters, where S is located at (100)-
type microfacets.
We also investigated two different (x7  x7)R19° structures,
denoted x7-a and x7-b in Figure 9. The first, x7-a (Figure
8a), is obtained by relaxation from an initial structure that is an
overlay of a single layer of an fcc-bulk Ag2S(111)-like structure
atop the Ag(111) surface. The initial structure is one of two
proposed for S on Ag(111) at room temperature by Yu et al.23
(cf. their figure 2). It has 3 S atoms in a (x7  x7)R19°
supercell (corresponding to ıS ) 3/7 ) 0.43), one occupying
the top site, and two occupying hollow sites. Our second
structure, x7-b (Figure 8b), is a variation of the Ag3S3 cluster
Figure 6. STM images of Ag(111), showing temporal changes in dot-row domains at 200 K, in two different experiments. In a and b, image size
is 30  30 nm2 and acquisition time is 35 s/image. ıS changes from 0.083 to 0.088 during imaging in a; then S2 exposure stops and 10 minutes
elapse before image b is acquired. In c-e, image size is 60  60 nm2, acquisition time is 200 s/image, and ıS ) 0.09. There is no time lapse
between images.
Figure 7. Ag3S3 cluster configuration from DFT calculations. Results
are obtained using a 5  5 supercell denoted by the dashed line. Inset
shows the STM image simulated from the DFT charge density as
described in the text.
íS ) [Ead(AgmSn, L) - E0(L) - míAg]/n
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structure. It has a slightly lower energy according to DFT than
the Ag2S-like x7-a structure. It can be seen that the two x7
structures are related by atomic displacements.
Finally, we considered the possibility of molecular S2
structures on the unreconstructed Ag(111) substrate, following
the work by Rodriguez et al. which suggested that this adsorbate
may be present on Au(111) at room temperature.32 Using a (2
 2) supercell, we find that S2 is more stable than 2 S adatoms
occupying n.n. fcc sites. The bond length is 0.21 nm with S
atoms residing close to adjacent fcc and hcp sites. However, íS
is around -4.3 eV, much higher than the cluster- or adatom-
based structures shown in Figure 9. Therefore, molecular S2 is
unlikely to be significant for equilibrated structures, at least in
the range of coverages investigated here (ıS < 0.4). It is still
possible, however, for adsorbed S2 to be present in a metastable
state at low temperature. This may be the origin of the irregular
islands that form directly upon adsorption at 135 K, as in Figure
4a, because they are obviously metastable. (They transform
irreversibly into the dot-rows upon heating.)
5. Discussion
The dot-row motif is the dominant feature of the present
study. It is remarkably robust, prevailing over a wide range of
coverage (0.03-0.5 ML) and a variety of inter-row milieus. It
is characterized by a spacing of 1.6 ( 0.1 nm between dots. To
our knowledge, it is quite different than anything reported
previously for S on group IB metals (with one possible exception
noted below.)
The dots are probably Ag3S3 clusters. This assignment is
supported by several factors. First, the DFT calculations show
these clusters to be among the most favorable adsorbed species.
Second, there is good agreement between the calculated and
observed dimensions of the dots in STM. The agreement
between the heights is particularly important, given that this
Figure 8. (a) x7-a structure. (b) x7-b structure. (c) Ag-S single-chain structure. (d) Ag-S double-chain structure. (e) Ag3S3 + 4S structure.
Figure 9. Sulfur chemical potential, íS, vs ıS for different structures
obtained from DFT. A family of unreconstructed S adatom structures
is shown by plus signs, a group of Ag3S3 clusters without additional S
is shown by asterisks, and a set of single-chain Ag-S structures is
shown by diamonds. Also shown and labeled are some other structures
mentioned in the text.
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quantity is unusually low. Third is the observation of pitting,
which shows that formation of the dot-row structure at 200 K
consumes Ag. The assignment is also reasonable by analogy
with Cu(111), where a mobile Cu3S3 species at 300 K was
suggested from both theory and experiment. Our data suggest
that isolated dots are quite mobile on Ag(111) even at 200 K
and are sometimes “caught” in STM images between hops (e.g.,
Figure 2a′), which reinforces their assignment as Ag3S3.
However, the dots account for only 20-30% of the total S
coverage at 200 K. The majority of S exists outside of the dots,
but evidence for its existence is also observable with STM. Some
of it is in a disordered form on terraces at low coverage, that
is, in the large gaps between domains. Evidence for this
disordered S can be seen in STM images at very low coverage,
as in Figure 2a. Some of it also exists between dots within
domains of dot-rows, where it produces at least three discernible
signatures in STM images (cf. Figure 3). One of those three
corresponds to a x3 structure. This simple structure has not
been reported previously for S adsorbed on Ag(111) in UHV,
although it forms in an electrochemical cell,45 and it is adopted
by S on close-packed planes of several other transition metals
in UHV.46 It is possible that this and the other (unidentified)
structures help stabilize the linear alignment of the Ag3S3
clusters, as suggested by Figure 8e. We estimate that strain fields
alone are not large enough to produce this effect.
DFT indicates that a variety of structures are energetically
close, within a span of about 100 meV per S atom at a given
coverage, based upon their chemical potentials as defined in
Section 4.3. Of these, each may prevail in a different temperature
range because of entropic contributions. The most reasonable
candidate for the equilibrium phase we call elongated islands,
which are stable at 135 K and ıS ) 0.09, is a structure involving
single or double Ag-Ag chains. This is based on the compact
but anisotropic shape of the islands. Furthermore, DFT shows
that the chains lie parallel to the close-packed rows, consistent
with the orientations of the elongated islands.
About 50 meV less favorable is the family of Ag3S3 trimer
structures, which we postulate can account for the dot-rows that
prevail at 200 K (at all but the lowest coverage, ıS < 0.03).
The dot-rows must be stabilized by net attractive interactions,
based upon their existence at very low coverage (Figure 5).
Furthermore, these interactions must encompass attractions
between rows, given their aggregation into domains at very low
coverages as shown in Figure 2a.
At 300 K, the x7 is a well-known phase, for which a Ag2S-
like model has been proposed.23 However, an alternative model
(x7-b in Figure 9) can be built from Ag3S3 trimers and it is
slightly more stable than the relaxed Ag2S-like structure (x7-a
in Figure 9). The x7-a and x7-b structures have identical Ag-S
stoichiometries and are related by small atomic displacements,
so they can be considered variants of one another. The Ag3S3
trimer-based structure should be considered as a candidate for
the room-temperature x7 phase. Indeed, if one examines the
STM images of Yu et al., one sees that the x7 consists of dot-
like features under certain tunneling conditions (Figure 6 of ref
23).
Finally, S2 is not energetically viable, relative to the cluster-
based structures, at least for ıS < 0.4. We postulate that it is
observed, however, in the metastable irregularly shaped islands
that follow adsorption directly at 135 K (0.09 ML, Figure 4a).
There is a wealth of dynamics exhibited by this system at
200 K. During adsorption, dot-rows form and align on a time
scale comparable with imaging. Rearrangements, both local and
long-range, continue after equilibration. In the latter case, large
domains of dot-rows flip orientation, seemingly at random. Other
authors have inferred the existence of mobile S-metal com-
plexes on Ag, Au, and Cu surfaces.17,18,23,27,29,30,32 In our case,
we assert that we are directly imaging those mobile species in
the form of Ag3S3 clusters. A temperature of 200 K is
particularly advantageous for observing these species in a semi-
static state and also for observing some dynamics on a time
scale compatible with typical STM imaging.
Conclusions
At 200 K, adsorbed S self-organizes into a distinctive dot-
row structure. The dot-row structure exists over a coverage range
that spans an order of magnitude (0.03-0.5 ML). A strong case,
based partly on energy calculations and the height of the dots
in STM, can be made for assigning the dots as Ag3S3 clusters.
The dot-row structure undergoes two reversible transitions, one
of which may be transformation to a Ag-Ag chain structure.
Dynamics of ordering during adsorption, and equilibrium
fluctuations, can be observed. DFT lends insight into the
viability of other structures in this rich system, including a new
candidate for the well-known (x7  x7)R19° phase.
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